Zn-doped Mn spinel was investigated for its unique 5 V reversible Li intercalation. Only at a certain Zn doping, LiZn 0.25 Mn 1.75 O 4 , lithium ions can be extracted at 5 V, while at high Zn doping of LiZn 0.5 Mn 1.5 O 4 no reversible capacity was observed. Electrochemical extraction of lithium ions during charge at 5 V is partially reversible. The two Zn doped compositions (x ϭ 0.25 and 0.5 in LiZn x Mn 2Ϫx O 4 ) have a single phase cubic spinel structure, possessing a primitive cubic atomic arrangement, in contrast to the face centered cubic LiMn 2 O 4 spinel. All materials synthesized have a tetradecahedra grain structure, bonded via the hexagon facets. One highly interesting phenomenon associated with such doping of low valence state transition elements is the corresponding RedOx behavior observed at elevated potentials ͑close to 5 V͒ as compared to the Mn 3ϩ /Mn 4ϩ → Mn 4ϩ which typically shows two plateaus between 4-4.5 V. These higher potential plateaus are observed both at room and elevated temperatures.
LiMn 2 O 4 is still regarded as a prospective cathode material for the next generation of lithium batteries. It has a face-centered cubic ͑FCC͒ spinel structure with lithium and Mn ions occupying the tetrahedral sites and octahedral sites, respectively. The theoretical specific capacity of this material is 148.2 mAh/g, with the characteristic two-step charge-discharge behavior which is attributed to the existence of two cubic structures 1 in the charging and discharging process. However, this material suffers from a cubic to tetragonal distortion 2 at or near its discharged state due to imbalance of the Mn 3ϩ /Mn 4ϩ ratio leading to higher presence of Jahn-Teller active Mn 3ϩ . Such structural changes lead to domain fractures and consequent lowering of cycle life. However, doping the Mn spinel with other low valence state transition metal ions can increase the overall Mn oxidation state and minimize Jahn-Teller distortion. 3, 4 One highly interesting phenomenon associated with such doping of low valence state transition elements is the corresponding RedOx behavior observed at elevated potentials ͑close to 5 V͒ as compared to the Mn 3ϩ /Mn 4ϩ → Mn 4ϩ which typically shows two plateaus between 4-4.5 V. These higher potential plateaus are observed both at room and elevated temperatures. 5 Much work has being focused on the elevated potential behavior (ϳ5 V) of this material during the last decade. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Typical examples of such dopants are Cu, 3, 4, 6, 7 Co, 7, 8 Cr, 7, 8, 10, 11 Fe, 6, 7 and Ni. [7] [8] [9] 16 It is normally believed that the charge compensation as a result of the doping process increases the Mn 4ϩ ratio, compensating lithium extraction at the elevated potential plateau during the anodic charge process, as have been observed with Ni 9, 12 4 , where x in the range 0 р x р 0.5. Zn being at the end of the first row transition series is an important dopant element because it allows for better modeling of the behavior at elevated potentials. The filled d-shells of Zn enforce that as a consequence of charge compensation all Mn associated with Zn would be in the ϩ4 valence state.
Experimental
Samples with the general composition of LiZn x Mn 2Ϫx O 4 with x ϭ 0, 0.25, and 0.5, were prepared from the acetate salts ͑Li acetate, Mn acetate, and Zn acetate, Fluka͒ using low temperature sol-gel techniques described in detail elsewhere.
3,4 X-ray diffraction ͑XRD͒ patterns of the synthesized powdered materials were recorded using a Philips X'pert Diffractometer ͑PW3040/60͒. Evaluation and examination of grain size and images was conducted with the use of high-resolution scanning electron microscope ͑Hitachi S-4800͒.
Electrodes were cast ͑doctor bladed͒ using a slurry comprising of 80% spinel Mn oxide, 10% carbon black ͑Shawinigan Acetylene black͒, and 10% polyvinylidene binder with a fugitive solvent ͑1 methyl-2 pyrrolidinone͒ on an aluminum substrate (ϳ5 m), dried at 120°C under vacuum for 2 h.
Electrochemical tests were performed in a PTFE T cell containing Li foil anode and Li reference electrode. Details of the electrochemical tests are given in reference.
3,4 Cells were tested in the voltage plateau of 3.3-5.4 V. Electrolyte used in this investigation composed of ethylene carbonate and dimethyl carbonate mixture in a volume ratio of 1:1 containing 1 M LiPF 6 salt ͑EM Industries͒.
Results and Discussion
Materials characterization XRD measurements.- Figure Figure 2 presents HRSEM images obtained from three samples of composition; LiZn x Mn 2Ϫx O 4 with x ϭ 0.0, 0.25, and 0.5 ͑Fig. 2a, c, and e, respectively͒. All three materials have a truncated octahedral structure ͑tetradecahedra͒, having six squares and eight hexagons, with side lengths of 60-100 nm. Although there are two ways for cojoining two tetradecahedra units and 6 possibilities for three tetradecahedra blocks to be linked, the SEM micrographs ͑Fig. 2b, d, and f͒ reveal that the truncated octahedrals are bonded via the hexagon facets. Observance of such well defined faceted structures is reported here for the first time to the best of our knowledge. These ''single crystal'' like structures are important in understanding intradomain interactions and grain fracture as a result of cycling. Furthermore, the 5 V behavior observed for the composition LiZn 0.25 Mn 1.75 O 4 is not completely reversible, as the 5 V peak observed during the back-scan ͑cathodic process͒ is much smaller than the corresponding anodic peak. Surprisingly, a small 5 V reversible behavior is also found upon scanning the undoped LiMn 2 O 4 material, as can be seen in the inset of Fig. 3a . This may suggest that Zn doping is not the origin of the 5 V behavior. However, the significant These two regions can also be seen in the discharge step, although the discharge capacity at 5 V is much smaller ͑25 mAh/g͒ as compared to the corresponding charge capacity ͑50 mAh/g͒, pointing to a poor reversibility and a possible electrolyte oxidation at 5 V. Nevertheless, the 5 V electrochemical activity is still observed ͑although reduced discharge capacity is being recorded at each cycle͒ at the following consecutive 3 cycles, as shown in the inset in Fig. 4 . It is also observed that the specific discharge capacity at 4 V region increases with decrease in the Zn content in the ceramic compounds ͑almost no capacity at x ϭ 0.5 to 50 mAh/g at x ϭ 0.25 and 120 mAh/g at x ϭ 0 in LiZn x Mn 2Ϫx O 4 ), which can be correlated to a decrease in the content of Mn 3ϩ ions in the crystal lattice. This is manifest in the extremely small capacity, of less than 5 mAh/g, for LiMn 1.5 Zn 0.5 O 4 material, having a nominal Mn oxidation state of ϩ4. Furthermore, the 5 V behavior is completely absent. Thus, it is believed that the oxidation of Mn ions from a ϩ4 state to a higher oxidation state is not the origin for the 5 V behavior observed with the specific composition of LiZn 0.25 Mn 1.75 O 4 . The characteristic well-known two-step charge and discharge profiles, around 4 V region, typical for LiMn 2 O 4 , are also seen for the Zn-doped material with a composition of 0.25, albeit with a much smaller resolution. The existence of two step behavior with a lower resolution as compared to those typically observed for nondoped Mn spinel suggests a different intercalation environment due to Zn doping. This is supported by our XRD data where Zn doping causes a transition to a primitive cubic structure from a FCC spinel. Taking into a consideration that all zinc ions reside in 8a lithium tetrahedral sites, while some Li cations reside also in the octahedral 16d site, yielding a material formulated as ͓Li 0.75 Zn 0.25 ͔ 8a ͓Mn 1.25 (ϩ4) Mn 0.5 (ϩ3) Li 0.25 ͔ 16d O 4 , it is expected that at the 4 V region the overall theoretical capacity would be ϳ70 mAh/g, while the theoretical capacity at the 5 V, related to the extraction of Li from octahedral sites would be ϳ35 mAh/g. The experimental discharge capacities obtained both at the 4 V ͑50 mAh/g͒ and at the 5 V ͑25 mAh/g͒ regions are in good agreement with the theoretical calculations.
High-resolution scanning electron microscopy (HRSEM).-
Zinc, cadmium, and mercury belong to Group IIB ͑12͒ elements, having two s electrons outside filled d shells. These elements follow Cu, Ag and Au in their electronic structures. Whereas in Cu, Ag, and Au, the filled d shells fairly readily lose one or two d electrons to yield ions or complexes in the II and III oxidation states, this was never reported or anticipated from Group IIB ͑12͒ elements. 19 The high potential activity of the low doped Zn spinel material cannot be attributed to an alteration in Zn ion valance state from a ϩ2 state to a higher state, as was previously demonstrated with copper doped Mn spinels. 3, 4 At the same time, the research group headed by Yoshio 14 reported that the coexistence of both oxygen and lithium excess in the spinel matrix is a necessary condition for the 5 V anodic peak observed during SSCV. It was stated also that the intensity of the anodic peak observed at 5 V during SSCV increases as lithium content increases. We assume at this stage that Zn ions are forcing Li ions into 16d sites. It is thus suggested that the high anodic peak at 5 V region is related to the extraction of lithium ions from octahedral sites which possess higher lattice energy than the tetrahedral lithium ions.
Conclusions
Zinc doping into LiMn 2 O 4 materials give rise to the formation of a primitive cubic structure, in contrast to the FCC LiMn 2 O 4 spinel structure. A partially reversible electrochemical activity at 5 V was recorded with a low doped (x ϭ 0.25) Zn substituted LiZn x Mn 2Ϫx O 4 . As expected, almost no electrochemical activity was recorded with the highly doped (x ϭ 0.5) Zn substituted analog. On one hand, zinc doping cannot be regarded as the origin of the 5 V electrochemical behavior, and on the other hand, Zn doping is proven to be necessary to facilitate the 5 V behavior.
The full version of the paper will provide detailed structural characteristics of the changes in the LiMn 2 O 4 on Zn substitution. Zn doping is distinct from analogous doping with Cu, Cr, and other transition elements, 3, 9, 12 where the original spinel framework was maintained to significant levels of doping. The significant findings reported in this short communication are that the strong tetrahedral site preference of divalent Zn cation is forcing Li cation onto octahedral sites in this material, thus causing electroactivity at 5 V from the displaced Li in the 16d sites of the spinel. This application of divalent doping of a nonredox active element, such as Zn in these high-substituted compositions in cubic LiMn 2 O 4 , has not been reported previously. Doping with s 2 d 10 elements such as Zn seems to have unique characteristics, wherein Mn-oxygen framework is influenced, unlike the effect of charge compensation observed with other transition metal dopants ͑such as Cr, Cu etc.͒. The effect of such changes in Mn-O coordination may shed some insights into understanding the overall 5 V behavior of undoped Mn-Spinel. The full version of this paper will present in detail the changes in the Mnoxygen framework due to Zn substitution at high and low potentials ͑below 3 V͒. This will include synchrotron based in situ XRD, refinement of the structure by Rietvild analysis and XANES as well as electrochemical mapping of more Zn substituted Mn spinel compounds (0.5 Ͼ x Ͼ 0 in LiZn x Mn 2Ϫx O 4 ). 
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